We investigate simplified models involving an inert scalar triplet and vector-like leptons that can account for the muon g − 2 anomaly. These simplified scenarios are embedded in a model that features W' and Z' bosons, which are subject to stringent collider bounds. The constraints coming from the muon g −2 anomaly are put into perspective with collider bounds, as well as bounds coming from lepton flavor violation searches. The region of parameter space that explains the g − 2 anomaly is shown to be within reach of lepton flavor violation probes and future colliders such as HL-LHC and HE-LHC.
I. INTRODUCTION
The Dirac Equation predicts that the muon has a magnetic moment equal to m = ge/(2m µ ) S, where g = 2 is the gyromagnetic ratio. Quantum corrections to the g-factor are parametrized by the muon anomalous magnetic moment (g − 2) defined as,
Theoretical calculations of the Standard Model (SM) contributions to g − 2 represent a remarkable success of quantum field theory. Since a µ is the target of increasingly precise theoretical prediction on the one hand and vigorous experimental measurement on the other, it serves as a golden channel by which the SM can be tested at quantum loop level. Any deviation between theory and experiment would imply the existence of new physics. Indeed, such a discrepancy between theory and experiment has been found and has persisted over many years [1, 2] . The precise extent of the g − 2 anomaly may be mitigated or exacerbated by the still significant theoretical uncertainties. For example, the g − 2 anomaly goes from 3.3σ up to 5σ depending on the hadronic corrections: ∆a µ = (261 ± 78) × 10 −11 (3.3σ ) [3, 4] (
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Highly anticipated experimental results from FERMILAB [10] , [11] and the J-PARC [12] facility in Japan will further shed light on this anomaly. Recent theoretical progress in conjunction with the anticipated increase in experimental precision holds the promise of giving a unique window into beyond SM physics in the near future. It is thus extremely important to explore new physics scenarios which may potentially explain the g − 2 anomaly, if it does indeed become stronger.
Many scenarios to address the muon g − 2 anomaly have been put forward in the context of simplified models and supersymmetry [13] [14] [15] [16] [17] [18] [19] [20] . We refer to [21] and references therein for a recent overview of the status of this vast literature.
In this work, we discuss simplified models for the g − 2 anomaly containing vector-like leptons and an inert scalar triplet, and explore correlations with lepton flavor violation and constraints coming from collider physics. For earlier work on vector-like leptons in the context of g − 2, we refer to [22] , [23] . We embed our simplified scenarios into a model with the extended gauge group structure SU (3) C × SU (3) L × U (1) N (3-3-1 for short) [24] [25] [26] which has been widely studied in the literature. Our focus is twofold: firstly, to study the confluence of diverse experimental constraints on our simplified models and their capacity to explain the g − 2 anomaly; and secondly, to assess the possibility of addressing the anomaly within the broader architecture of the 3-3-1 models.
We briefly describe these two aspects of our work. Firstly, the confluence of various experimental results, especially those coming from lepton flavor violation, turns out to be quite restrictive on the prospects of addressing the g − 2 anomaly within our simplified scenarios. We focus in particular on the rare muon decay µ → eγ, on which the MEG collaboration [27] currently imposes the bound BR(µ → eγ) < 4.2 × 10 −13 . There is an ongoing effort to push this bound down to 4 × 10 −14 [28] . Using the bound from the MEG collaboration restricts large portions of parameter space where the g − 2 anomaly can be addressed; this can be seen from our Secondly, our work is also relevant for attempts to address the g − 2 anomaly within 3-3-1 models, since stringent collider bounds severely constrain such efforts in most avatars of these scenarios. The masses of the W and Z bosons in these models are proportional to the energy scale at which
The LHC places strong lower bounds on the masses of these gauge bosons and typically, one finds that the energy scale of 3-3-1 symmetry breaking needs to be too small to explain the g − 2 anomaly. As we shall see, embedding our simplified scenarios within the 3-3-1 models helps alleviate these tensions.
Our work is structured as follows: in Section II, we describe the simplified models; in Section III, we introduce 3-3-1 models and we present our results for 3-3-1 models that feature an inert scalar triplet and exotic charged leptons; in Section IV, we explore the connection between g−2 and collider searches; in Section V, we make the link between g −2 and lepton flavor violation, and in Section VI, we draw our conclusions.
II. SIMPLIFIED MODELS
Several simplified models have been proposed to explain g − 2 but many of them are excluded by LEP and LHC data [29] . In this section, we will discuss two possible simplified models that invoke the presence of exotic charged leptons and an inert scalar doublet.
Inert scalar
An inert scalar doublet (φ) under SU (2) L with hypercharge Y = 1 can be introduced to the Standard Model via,
where L aL is the Standard Model lepton doublet, λ ab is the Yukawa coupling. Such a scalar doublet is subject to several constraints [29] . The couplings to Standard Model fermions also give rise a set of model-dependent bounds, which depend on whether this new doublet also interacts with quarks, the strength of its couplings to charged leptons, and if it represents a possible dark matter candidate [30] [31] [32] [33] [34] . The contribution to g − 2 is found to be [21] ,
Such an inert scalar can also induce a sizeable branching ratio µ → eγ which is severely constrained by data. From Eq.(3) we get,
where A M is a form factor that accounts for the loop correction and carries information about the couplings and masses with,
where,
This general result can be used in all scenarios explored in this work.
Heavy Charged Leptons
Heavy charged leptons (E) represent an interesting class of models to explain the g − 2 anomaly [35] . Anomaly cancellation requires the introduction of a vector-like lepton with mass arising from a term like m EĒL E R . If E is a singlet under SU (2) L it will have interactions of the form,
where φ is now a scalar singlet under SU (2) L . Another way to generate a correction to g − 2 via an exotic charged lepton is through the introduction of an inert doublet with,
One could also introduce exotic charged leptons (ψ) which are doublest under SU (2) L with,
As stated previously, these exotic charged leptons are required to be vector-like to ensure gauge anomaly cancellation. The contributions to g − 2 are determined by Eq.(4) and arise from an interaction between the muon and a scalar, and an exotic charged lepton, if present. The key differences between these models are the phenomenological constraints they are subject to. While there are important bounds on exotic charged leptons [36] , these bounds will turn out to be less stringent than the collider bounds we will consider in this work. We have reviewed possible simplified models that could accommodate the g −2 anomaly through the presence of an inert scalar and exotic charged leptons. We now outline how these simplified models can be embedded in 3-3-1 models.
III. 3-3-1 MODELS
3-3-1 models are based on the SU (3) C × SU (3) L × ×U (1) N gauge symmetry and were originally introduced since they offer a plausible answer to the number of generations in the Standard Model. These models have been extensively studied in contexts such as dark matter [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , flavor physics [50] [51] [52] [53] [54] , neutrino masses [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , and collider physics [65] [66] [67] [68] .
Since SU (2) L is promoted to SU (3) L , the fermion generations are arranged in the fundamental (or antifundamental) representation of SU (3) L . After the SU (3) L × U (1) N symmetry is spontaneously broken via the vacuum expectation value of a scalar triplet, a remnant SU (2) L × U (1) Y arises [69] . The presence of an SU (3) L triplet implies the existence of new leptons and quarks that contribute to the new non-trivial gauge anomalies. The electric charge operator that preserves the vacuum is found to be,
where λ 3 , λ 8 and I are the generators of SU (3) L and U (1) N , respectively. The parameters α and N are in principle free parameters.
Nevertheless, as we need to recover the Standard Model spectrum, the first two components of the triplet should be a neutrino and a charged lepton. Therefore, α/ √ 3 = −(2N + 1). The third component of the triplet should have a U (1) N quantum number equal to 3N +1. If one takes N = 0, then the third component of the triplet would be a positively charged field. The Minimal 3-3-1 model [24] and the 3-3-1 model with exotic charged leptons [70] [71] [72] [73] are based on this choice. However, if one instead chooses N = −1/3 then the third field component of the lepton triplet would be either a righthanded neutrino (ν c R ) or a heavy lepton (N ). These possibilities are known as 3-3-1 models with right-handed neutrinos [26, 74] and 3-3-1 models with a left-handed neutral lepton [40, 75] . The popular Economical 3-3-1 model is essentially the 3-3-1 model with right-handed neutrinos where two scalar triplets form the scalar sector [76] [77] [78] [79] .
It has been recently shown that none of these models are capable of accommodating the g − 2 anomaly due to the existence of stringent collider bounds (see [80] [81] [82] [83] [84] for g − 2 studies in the context of 3-3-1 models). The masses of the gauge bosons are proportional to the energy scale at which SU (3) L ×U (1) N → SU (2) L ×U (1) Y . since the LHC places strong lower bounds on the masses of the gauge bosons, one can convert these bounds into limits on the energy scale of the 3-3-1 symmetry breaking. A common feature among all these models is that the energy scale of 3-3-1 symmetry breaking needs to be too low (∼ 1 TeV) to explain g − 2. This is forbidden by collider searches. In summary, the most popular 3-3-1 models in the literature cannot address g − 2.
We now discuss the embedding of the simplified Lagrangians presented previously within the 3-3-1 model. We will take the 3-3-1 model with neutral heavy leptons as a benchmark, but our results can be easily extended to all five models mentioned earlier. In the 3-3-1 model with heavy neutral leptons, the leptons are arranged as follows,
where a runs from one to three and N a are heavy neutral leptons. We do not consider the hadronic sector since it is not relevant to our discussion. The fermion masses are generated by spontaneous symmetry breaking governed by the three scalar triplets:
One could also successfully generate the fermion masses with two scalar triplets as occurs in the Economical 3-3-1 model [76, 77] . We stress that the details are not relevant because our results can still be applied to this model. The leptons acquire mass via the Yukawa term in the Lagrangian,
When the neutral fields χ 0 and ρ 0 develop a non-zero vacuum expectation value, the leptons acquire a mass term. Here we label
The neutral and vector currents involving new gauge bosons are found to be [26, 74] ,
with
and,
and
The largest corrections to g − 2 come from interactions involving new gauge bosons. It has been shown that the most popular 3-3-1 models are incapable of addressing g − 2 due to the existence of collider bounds as we describe below.
A. Collider Bounds
The most important bounds on 3-3-1 models come from LHC searches for new Z gauge bosons. These limits rely on dilepton resonance searches. Assuming that the Z decays only into charged leptons the lower mass bound imposes M Z > 4 TeV [21] , which translates into v χ > 12 TeV using Eq.17. For easy comparison between M Z and v χ , we note that M Z = 0.395v χ .
We note that the heavy neutral lepton may be sufficiently light and become kinematically accessible for decays for the Z boson. The 3-3-1 models typically feature exotic quarks which can also be lighter than M Z /2. Assuming that all exotic quarks and heavy neutral leptons represent kinematically accessible decay channels, the LHC bounds significantly weaken. Our implementation of the model takes the branching ratio into charged leptons to be between 50%-60% in agreement with [85] . The bounds derived from dilepton resonance searches are proportional to the branching ratio into charged leptons. Therefore, we can conservatively state that in light of these new decay modes a conservative LHC bound should read, LHC 13 TeV : M Z > 2 TeV; v χ > 5 TeV.
As stated in the Introduction, we have assumed the conservative PDG ∆a µ value and for this reason, we will also assume this conservative LHC bound. We stress that our overall conclusions will not change if one decides to alter the LHC bound (M Z > 4 TeV) because there is enough freedom to change other parameters and still obtain qualitatively similar results in regard to g − 2.
We now go on to discuss projected constraints coming from the High-Luminosity (HL-LHC) and High-Energy LHC (HE-LHC) on these scenarios. HL-LHC refers to LHC configuration at 14 TeV center-of-mass energy with 3ab −1 of integrated luminosity. The HE-LHC denotes a 27 TeV center-ofmass energy with 15ab −1 of integrated luminosity. For dilepton resonance searches the number of signal and background events scale equally with energy and luminosity. Thus, the bounds on the number of signal events at each value of the Z mass can be obtained in terms of the number of background events. We note that there are implicit assumptions about the event acceptance and efficiency rate, which are assumed to be independent of the dilepton invariant mass. It has been shown that these assumptions are reasonable for resonance searches under the narrow width approximation [86] and as long as null results are reported. Therefore, one can use the code described in [87] to determine the HL-LHC and HE-LHC reach and conclude that In this Section, we embed the simplified scenarios involving an inert scalar and exotic leptons introduced earlier into the 3-3-1 models. Our purpose is to study the g − 2 anomaly and correlate that with potential positive signals in µ → eγ decay, in agreement with existing and future collider bounds.
Inert Scalar Triplet
Since the relevant symmetry is SU (3) L , an inert scalar triplet can be trivially added. Its contribution to g − 2 is proportional to the mass of the muon, which would imply a suppressed correction to g − 2. Thus, we can add
The inert scalar triplet acquires a mass term from the quartic scalar potential term that goes as λχ † χφφ. Therefore, M φ ∼ λv χ . We display our results for M φ = (0.05, 0.1)v χ . We exhibit the correction to g − 2 in FIG.1 for M φ = 0.1v χ (black curve) and M φ = 0.05v χ (brown curve) and overlay the current and projected collider bounds. In this plot, we considered the Yukawa coupling of the muon with the scalar triplet as λ 22 = 1. The green lines delimit the region of parameter space that explains g − 2. The LHC, HL-LHC and HE-LHC limits are superimposed according to Eqs.(19)- (21) . The horizontal red lines represent the g − 2 bounds by requiring the correction to be within the current (78 × 10 −11 ) and projected (34 × 10 −11 ) 1σ error. From FIG.1 we conclude that a scale of symmetry breaking around 10 − 15 TeV is necessary to accommodate g − 2. It is important to stress that our choices for λ = 0.05 and 0.1 are not random. We found that λ should be around 0.1 to be able to explain g − 2 while still resulting in an energy scale accessible by future colliders. Other values for λ are possible but then this complementarity with collider searches is lost.
Exotic Charged Lepton
We now explore the addition of vector-like charged leptons. Similar to the previous case, we can introduce a Lagrangian term of the type,
where φ is singlet scalar field and E a are vector-like charged leptons, which we assume to be mass degenerate for simplicity. The mass of the vector-like lepton arises from a bare mass term as described in Section II. The key difference between this scenario and the previous one is the presence of an additional free parameter, which is the mass of the vector-like lepton, m E . The mass of this scalar singlet will also be proportional to v χ , i.e M φ ∼ λ v χ , where λ is the dimensionless quartic coupling in the scalar potential, similar to the previous case. We exhibit our findings for different values of m E in FIGs.2-3. A solution to g − 2 via the introduction of a scalar singlet was also explored in [88] , but in a different context. From FIGs.2-3, we conclude that v χ ∼ 20 TeV and v χ ∼ 40 TeV are favored for M φ = 0.005v χ and M φ = 0.01v χ , respectively, where we considered the Yukawa couplings to the scalar singlet to be λ 22 = 2.0 for the m E = 200 GeV case. Either way, it is interesting to see that there is a strong complementarity between future colliders and g − 2. Again notice that g − 2 gives rise to stronger bounds than colliders by requiring the new physics corrections to be below the 1σ error bar.
For m E = 400 GeV, the situation changes a bit as the scale of symmetry breaking explains g − 2 up to higher values (2 TeV < v χ < 40 TeV), leaving an unexplored region above v χ > 23 TeV to future colliders when we choose M φ = 0.005v χ , and completely probed when we take M φ = 0.01v χ , both for λ 22 = 3.0.
V. CONNECTION WITH LEPTON FLAVOR VIOLATION
The interplay between g − 2 and collider bounds has been explored thus far. We now go on to a discussion of the complementarity of our results with lepton flavor violation.
To correlate our findings with lepton flavor violation, we assume benchmark values for the off-diagonal Yukawa couplings. Our results are based on Eq.(5). In FIG.4, we show a contour plot for the inert scalar model in the λ 22 -v χ plane with the regions that address g − 2 for M φ = 0.05v χ and M φ = 0.1v χ and superimpose the bounds on lepton flavor violation arising from future colliders. The hashed regions are excluded by µ → eγ and the black vertical lines delimit the HL-LHC (continuous) and HE-LHC (dashed) projected limits according to Eq. (21) . To exhibit all these observables in the same plane we assumed λ 21 = 2 λ 22 × 10 −5 . Notice that the diagonal coupling, λ 22 , should be much larger than the off-diagonal coupling, λ 21 , otherwise the bound coming from µ → eγ would rule out the entire region of parameter space in FIG.4 . Notice that if we take v χ ∼ 12 TeV, we can explain g − 2 and leave signatures at the HE-LHC and MEG II detectors. For any value chosen for the scale of symmetry breaking v χ , we find similar conclusions. This is true because we chose a value for the ratio λ 21 /λ 22 , to be able to show regions that are either excluded or consistent with µ → eγ. If we had adopted larger values for λ 21 then the µ → eγ decay would have excluded the entire viable region for g − 2. We could draw a similar conclusion for M φ = 0.1v χ . The relation between M φ and v χ was obtained by requiring that the parameter that resolves g − 2 is testable at future collider and lepton flavor violation searches. Moreover, we can also con-clude that µ → eγ exclusion region extends the HE-LHC one. Again, this demonstrates the importance of searching for new physics with complementarity between different observables and detectors.
In the presence of a vector-like exotic charged lepton the situation changes, as we have shown before. Now the connection to lepton flavor violation can be observed as well. In FIGs.5 and 6, we display contour plots in the region of parameter space that accommodates the g − 2 anomaly and overlay that with projected collider and lepton flavor violation constraints. The only difference between these figures is the value adopted for the exotic charged lepton masses that goes from m E = 200 GeV in FIG.5 to m E = 400 GeV in FIG.6. Here we took λ 21 = 3 λ 22 × 10 −5 , but now we explored the scenarios with M φ = 0.005v χ and M φ = 0.01v χ . We stress that these relations between M φ and v χ are obtained by requiring a strong degree of complementarity between g − 2, lepton flavor violation and collider physics. Focusing on Fig.5 , we can easily conclude that the region with 12TeV < v χ < 22TeV can be tested by future HL-LHC and HE-LHC colliders and µ → eγ decay searches. This conclusion holds true regardless of the exotic charged lepton mass. The quantitative predictions for g − 2 and BR(µ → eγ) obviously change with the choice of the exotic lepton mass, as one can clearly see from FIG.6.
The scale of symmetry breaking that addresses g −2 and allows for a signal in µ → eγ is tied to the masses of the neutral (Z ) and charged gauge bosons (W ± ) . Therefore, if we observed positive signals in g −2 and µ → eγ, we would be able to predict the masses of the new gauge bosons to be observed at future LHC searches for dilepton resonances and charged lepton plus missing energy events which are the golden channel to search for these gauge bosons. This correlation could thus be used to discriminate our model from others in the literature.
VI. CONCLUSIONS
We presented simplified scenarios that can accommodate the muon g − 2 anomaly, and discussed their embedding into 3-3-1 models. In the augmented 3-3-1 models with charged vector-like leptons, we were able to accommodate g − 2 while also being in agreement with collider bounds on the W and Z bosons that appear in these models. This conclusion is valid for other avatars of the 3-3-1 model as well. We explored the possibility of non-zero off-diagonal couplings to explore the complementarity between g − 2, collider searches and lepton flavor violation. The confluence of various experimental results, especially those coming from the rare muon decay µ → eγ, turned out to be quite restrictive, as can be seen from FIG. 4, FIG. 5, and FIG.6. More optimistically, the solutions investigated here may explain g − 2 anomaly and induce signals at upcoming searches for the µ → eγ rare decay and future colliders such as the HL-LHC and HE-LHC.
